A simple and sensitive Mn-ZnS quantum dot room-temperature phosphorescent immunosensor for detecting microcystin-LR was developed. This sensor adopted antigens and antibodies as recognition Meanwhile, coexisting pollutants of microcystin-LR in water did not significantly interfere with microcystin-LR detection. The new sensor was applied to detect real water samples and showed high sensitivity and selectivity.
Introduction
The aggravation of eutrophication has increased the occurrence frequency and amplitude of algal blooms, especially toxic algal blooms, which have caused harm to water environments and increased biological unsafety. Microcystin-LR (MC-LR) is one of the most toxic pollutants released by blue algae in eutrophicated waters. Even under low concentrations, MC-LR can severely inactivate protein phosphatases 1 (PP1) and 2A (PP2A).
1
A low concentration of MC-LR in drinking water could cause liver damage to humans and contribute to liver cancer. 2 However, MC-LR is a stable chemical that is nearly nondegradable in nature due to the presence of ring structures and double bonds (Fig. 1b) . 3 The World Health Organization set the maximum MC-LR concentration in drinking water to be 1 mg L À1 in 1998. 4 Thus, the development of new methods for the detection of low-concentration MC-LR has become increasingly important in the eld of environmental analysis.
Numerous analytical methods, including high-performance liquid chromatography (HPLC), 5 liquid chromatography-mass spectrometry (LC-MS), 6 protein phosphatase inhibition assay (PPIA), 7 and whole-cell bioassay, 8 have been used to detect MC-LR. However, these methods all require complicated preparation, expensive heavy equipment, high professional skills, and considerable amount of time, and their selectivity and sensitivity are unsatisfactory. Therefore, immunoassays are of great signicance for the qualitative and quantitative detection of MC-LR because of their highly specic molecular recognition and without complicated pretreatment. Various immunosensors based on uorescence, 9-11 colorimetry 12-14 and electrochemistry [15] [16] [17] have been developed. The best candidates of MC-LR are electrochemical immunosensors due to their high sensitivity and simplicity. However, in electrochemical immunoassays, antibodies are commonly immobilized on the electrode surface by physical adsorption, which may lead to irreversible protein denaturation, then inhibit the interaction between the antibody and the analytical device.
18 Therefore, it is necessary to develop a method that is sensitive, reliable, and easy to operate.
Room-temperature phosphorescent (RTP) quantum dots (QDs) are characterized by the avoidance of deoxidization, long phosphorescence lifetime, and effective avoidance of interference from spontaneous uorescence and scattering light.
19-24
RTP QDs applied into analysis and detection of environmental pollutants can efficiently avoid interferences of background uorescence or scattering light from other uorescent substances in the environment, thus demonstrating the prospective application of these QDs. The 3-mercaptopropionic acid (MPA)-coated Mn-doped ZnS (Mn-ZnS) QDs synthesized from a water-phase method could improve the efficiency and reproducibility of Mn-doping and enhance the luminescent efficiency and biocompatibility of QDs. Moreover, the QDs have low toxicity and do not require complicated pretreatment.
Mn-ZnS RTP QDs and microcystin-LR antibody (anti-MC-LR)
were combined to form anti-MC-LR/QDs nanohybrids for MC-LR detection. The structurally specic binding between anti-MC-LR and MC-LR led to the aggregation between anti-MC-LR/QDs and MC-LR, resulting in the gradual quenching of RTP. Within a certain range, the quenched degree of the RTP was proportional to the concentration of MC-LR. On this basis, an efficient RTP biosensor for MC-LR detection was built. Fig. 1a shows the process of building a sensor.
Experimental

Materials and reagents
MPA (J&K China Chemical Ltd.); Mn(Ac) 2 $4H 2 O, Zn(Ac) 2 $2H 2 O, Na 2 S$9H 2 O (Tianjin Kemiou Chemical Co., China); EDC, NHS, MC-LR (Sigma, US) were used in the experiments. Malachite green (MG), microcystin-RR (MC-RR), and paraquat (PQ) were bought from Shanghai Sangon Biotechnology Co. Ltd. (China). All other reagents were of analytical purity.
Instruments
The morphology of the QDs was characterized by using a JEM-2100 transmission electron microscope (TEM, JEOL Ltd. Japan). The crystal structures of QDs were analyzed on a Rigaku D/max-2500 X-ray diffractometer (XRD, Ricoh, Japan). Phosphorescence spectra were recorded on a Cary Eclipse uores-cence spectrophotometer (Varian Co. Ltd, US). The pH meter was bought from Shanghai (Lei-ci, China). Resonance light scattering (RLS) signals were measured on the Cary Eclipse uorescence spectrophotometer (Dl ¼ 0) at 200-700 nm. Ultraviolet-visible light (UV-vis) spectra were detected on a UV-29100 UV/vis spectrophotometer (Shimadzu, Japan).
Preparation of MPA-coated Mn-ZnS QDs
MPA-coated Mn-ZnS QDs were prepared as follows:
26,27 under argon gas protection, 5 mL of 0.1 M Zn(Ac) 2 solution and 2 mL of 0.01 M Mn(Ac) 2 solution were added into 50 mL of a 0.02 M MPA solution in a 100 mL three-neck ask. The mixture was adjusted to pH 11 using 1 M NaOH solution and then magnetically stirred at room temperature for 30 min, which ensured the complete complexation of MPA with Zn 2+ and Mn 2+ . Aerward, 5 mL of 0.1 M Na 2 S solution was added for 20 min of reaction at room temperature. The resulting reaction system was aged in air and at 50 C for 2 h, which resulted in the formation of MPA-coated Mn-ZnS QDs. The QDs were precipitated in an equal volume of anhydrous ethanol, and then the supernatant was removed aer high-speed centrifugation. The precipitates were vacuum-dried at room temperature for 24 h, which resulted in solid powder nanoparticles, namely, the QDs.
Biological conjugation between anti-MC-LR and Mn-ZnS QDs
The biological conjugation between Mn-ZnS QDs and anti-MC-LR was conducted as reported. 28, 29 First, the anti-MC-LR was dissolved in a 10 mM phosphate buffer solution (PBS, pH 7.4) to form a 5.0 mg ml À1 solution, which was stored at 4 C. Aer-ward, 2 mg of Mn-ZnS QDs, 2 mg of EDC, and 1 mg of NHS were dissolved in 0.5 mL of PBS (10 mM, pH 7.4). The mixture was then stirred for 30 min to ensure full activation of surface carboxyl groups of the QDs. The resulting solution was added with 0.5 mL of the MC antibody solution, stirred for 2 h, and stored overnight at 4 C and in the dark, ensuring that the unreacted EDC was completely dissolved in water. The resulting anti-MC-LR/QDs nanohybrids were separated via ultraltration membrane centrifugation. The unreacted anti-MC-LR was removed, and the resulting solution was dissolved in 5 mL of PBS (10 mM, pH 7.4).
Molecular docking method
The NCBI protein database was used to search the amino acid sequence of the human anti-MC-LR Fv antibody. The employed protein sequences of anti-MC-LR light and heavy chain singlechain Fv antibodies were AAN16433.1 and AAN16432.1, respectively, as reported by McElhiney. The BLAST server was used to search the templates for the chains. Human IgM (PDB ID: 2J6E) and human monoclonal bo2c11 fab heavy chain (PDB ID: 1IQD) were respectively applied as the templates for the light and heavy chains of the human anti-microcystin-LR Fv antibody, and the homology of amino acid sequences was aligned. Homology modeling of anti-MC-LR Fv antibody was conducted using Modeller 9.19 package. Molecular docking studies were performed to investigate the binding mode between the antigen 
Detection methods
The nanohybrid solution was diluted to a 200 mg L À1 water solution to study the effects of MCs on the RTP intensity of the anti-MC-LR/QD nanohybrids. Then, 0.25 mL PBS (10 mM, pH 7.4) was added to each series of colorimetric tubes. Each tube was added with 100 mL of the nanohybrid solution and a certain amount of MC-LR (0-100 mg L À1 ). The tubes were shaken evenly, diluted to 5 mL and placed for 10 min, followed by RTP detection at 295 nm.
Sample detection
Water samples were collected from tap, pond water and Yuxiu lake. The lter paper and the 0.22 mm lm were then used continuously for sample purication, rotationally evaporated, and concentrated 30 times before analysis. Each experiment was conducted in triplicate. The detection performance of MC-LR in the actual samples was veried by a spike recovery test, and the experiment was repeated three times.
3 Results and discussion
Characterization of MPA-coated Mn-ZnS QDs
The Mn-ZnS QDs under high-resolution TEM were found to be 4.0 nm in uniform size (Fig. 2a) , approximately spherical with evident crystal lattices, and well dispersed. X-ray diffraction spectra (Fig. 2b) indicated that the Mn-ZnS QDs have three evident diffraction peaks, which correspond to the (111), (220), and (311) planes, indicating the Mn-ZnS QDs have typical cubic structures. Moreover, phosphorescence scanning showed that the QDs had the largest excitation and emission peaks at 285 and 595 nm, respectively (Fig. 2c) . Aer the absorption of excitation light, the holes of ZnS were captured by Mn 2+ , while the electrons and holes recombined on Mn 2+ to cause the excitation of Mn, which induced the formation of RTP emission (590 nm). 31 Aer conjugation with the anti-MC-LR, the excitation and emission peaks of the QDs remained unchanged, except for the slight reduction of intensity (Fig. 2c) . This nding was probably because the conjugation with the MC antibody led to the formation of a few surface defects on the QDs, slightly reducing the spectral intensity. However, the luminescence center of Mn 2+ in the ZnS crystal lattices was not changed; thus, the peak forms were also unchanged. UV-vis spectra showed (Fig. 2d) that the UV absorption spectra of QDs increased aer cross-linking antibodies, indicating the coupling of the antibodies to QDs.
Feasibility assay
To verify the feasibility of the proposed anti-MC-LR/QDs phosphorescent immunosensor for MC-LR detection, we investigated the MC-LR concentrations would affect the RTP intensity of anti-MC-LR/QDs. Fig. 3a shows that the RTP intensity at 590 nm of anti-MC-LR/QDs is gradually quenched with the rise of MC-LR concentration. Fig. 3b shows at the MC-LR concentration of 40 mg L À1 , the RTP intensity of anti-MC-LR/QDs basically stabilizes. This phenomenon suggests the MC-LR concentration largely affects the RTP intensity of anti-MC-LR/ QDs. In this case, it is possible to build a sensitive MC-LR detection method.
Mechanism of anti-MC-LR/QD nanohybrids for MC-LR detection
When MC-LR was added, the phosphorescence of Mn-ZnS QDs unconjugated antibody was not quenched (Fig. 4a) . This nding indicates that the phosphorescence of QDs was not directly quenched by MC-LR but by the specic binding between MC-LR and anti-MC-LR/QD nanohybrids. Two substances that aggregate through interaction to produce scattering particles would generate remarkable RLS signals. The RLS changes aer the interaction between anti-MC-LR/QD nanohybrids and MC-LR indicate that the newly added MC-LR and the QD nanohybrids have signicantly aggregated (Fig. 4b) . In the range 200-700 nm, aer MC-LR was added into the anti-MC-LR/QD nanohybrids, the RLS intensity of the entire system was gradually enhanced, indicating the combination of QDs with multiple anti-MC-LR and the possibility of binding with additional MC-LR. Moreover, the anti-MC-LR/QD nanohybrids and MC-LR interacted to form large nanohybrid particles.
Furthermore, molecular docking studies have shown that the MC-LR was docked to the active pocket of anti-MC-LR to illustrate the binding mode between antigen MC-LR and anti-MC-LR from the molecular level. The MC-LR in the form of tight conformations clearly bound to the variable zone at the top of the anti-MC-LR (Fig. 4c) . The residue Adda-5 of the MC-LR was located at the hydrophobic cavity pocket formed between the amino acid residues A/Val-60 and A/Pro-61 of the MC antibody, creating a stable hydrophobic interaction. Further analysis showed that the benzene ring side-chain on the residue Adda-5 could separately undergo anion-p interaction with the amino-acid residues A/Asp-62 and B/Asp-62. Importantly, the amino acid residues Leu-2, MeAsp-3, Adda-5, and Glu-6 of MC-LR could interact with the amino acid residues A/ Ser-58, B/Arg-56, A/Asp-62, and B/Ser-78 of the MC antibody, respectively, forming 2.2, 2.5, 1.9, and 2.6Å hydrogen bonds, respectively. Moreover, the amino acid residue Arg-4 of MCs could interact with the amino acid residue A/Gly-59 of antihuman MC-LR Fv antibody, forming double hydrogen bonds of 2.6 and 2.8Å. Such a special binding facilitated the formation of stable hybrids by the antigen MC-LR and the anti-MC-LR.
Overall, the aforementioned molecular docking experiments could well explain the interaction between the MC and its antibody and underlie further research on the interaction between the MC-LR antibody and antigen MC-LR.
The quenching mechanism can be explained by molecular orbital theory. The electrons of QDs could evidently accept ultraviolet energy and then be excited from the ground state (valence band) to the conduction band. The electrons of the QDs are then excited and returned to the ground state. During the return process, QDs could emit orange phosphorescence. By contrast, with the existence of MC-LR, a hydrogen bond could be formed between the MC-LR and the primary amino group on the surface of the QDs. Strong interaction forces lead to electron transfer between the MC-LR and QDs. The UV absorption peak of MC-LR is close to the conduction band of QDs, and the excited electrons could directly jump to the LUMO level layer of the complex. The energy level of the complex was higher than that of QDs. Therefore, the excited electrons of QDs can return to the ground state without emitting phosphorescence, resulting in quenching of QD phosphorescence.
17 Furthermore, with the addition of MC-LR, the phosphorescence lifetime of QDs was signicantly shortened (Fig. 4d) because the large-size nanoparticles, as the energy receptor, provided multiple extra attenuation channels during the clustering of QDs.
32,33
Inuence factors on the anti-MC-LR/QDs nanohybrids
The inuence factors of pH, reaction time, and salt concentration were selected to enhance the stability and selectivity of this system. The pH 6.5-7.5, which was close to the pI of the anti-MC-LR, contributed to the phosphorescence absorption of anti-MC-LR/QDs and thus maximized the phosphorescence intensity. However, when pH was extremely low, the bioconjugated system would carry excessive like charges, which were repelled statically and thereby weakened the phosphorescence. Thus, the optimal pH was set at 7.4 in the subsequent experiments to study the effects of ionic strength on the phosphorescence intensity of the bioconjugated system (Fig. S1a †) . Appropriate ionic strength could reduce the static repulsion between anti-MC-LR/QDs molecules and thereby promoted phosphorescence absorption. However, excessive NaCl concentration would enhance the protein hydration and inhibit the affinity of absorption, thereby reducing the uorescence absorption of the bioconjugated system. Thus, the NaCl concentration was set at 50-100 mM (Fig. S1b †) . The RTP intensity of the anti-MC-LR/QD bioconjugated system was unchanged within 24 h, which also conrmed the stability of QDs aer crosslinking with the anti-MC-LR (Fig. S1c †) .
Anti-MC-LR/QD nanohybrids for MC-LR detection
According to the preceding results, an RTP MC-LR detection sensor was designed based on anti-MC-LR/QDs nanohybrids. Under the optimal conditions, the RTP variation of the nanohybrids was linearly correlated to the MC-LR concentration within a certain range.
The linear ranges of this sensor in MC-LR detection were 0.2-1.5 mg L À1 and 1.5-20 mg L À1 (Fig. 5) The detection limit of this sensor was lower than LC-MS, PPIA, aptamer-based colorimetric sensor, and FL chromatic immunosensor, but higher than electrochemiluminescent immunosensor (Table 1) . However, in electrochemical immunosensors, the antibodies are commonly immobilized on the surface of the electrode by physical absorption, which might lead to non-reversible protein denaturation. 18 This detection limit is also simpler and cheaper.
Anti-interference detection
Given the prospects of using the anti-MC-LR/QDs sensor into the environment eld, its selectivity over MC-LR was evaluated (Fig. S2 †) . Specically, some coexisting substances of MC-LR, including anions (CO 3
2À
, PO 4 3À ), cations (Ca 2+ , Mg 2+ ), amino acids (serine Ser, histidine His), malachite green (MG), microcystin-RR (MC-RR), and paraquat (PQ), were added. None of these substances signicantly affected experimental selectivity.
MC-LR detection in water samples
MC-LR was detected in real spiked and pond water through standard spiked experiments to evaluate the practical applicability of this sensor. The spiked water was added with MC-LR standard solution of one concentration, while the pond water was added with three MC-LR standard solutions with different concentrations. The results are presented in Table 2 . The recovery rates of the phosphorescent immunosensor were 93.1% to 105%, and the standard deviations were 3.07% to 7.12%. Antigens and antibodies, which could bind with the selective, appetent, and specic MC-LR, were used as recognition units of the new immunosensor to further improve its sensitivity and precision. Moreover, the new sensor could be easily built, responded quickly and avoided interference.
Conclusions
A simple and fast RTP sensor based on the specic antigenantibody binding was designed for microcystin detection. This sensor did not need any complicated pretreatment and avoided interference from the background uorescence or scattering light of other uorescent substances. Moreover, the Mn-ZnS QDs did not cause any secondary environmental pollution and could be easily prepared. Owing to its high sensitivity and broad linear range, this sensor will be applied into the environmental eld.
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